Target-activated chemical probes are important tools in basic biological research and medical diagnosis for monitoring enzyme activities and reactive small molecules. Based on the fluorescence turn-on mechanism, they can be divided into two classes: dye-based fluorescent probes and caged-luciferin. In this paper, we introduce a new type of chemical probe in which the fluorescence turn-on is based on controlled streptavidin-biotin binding. Compared to conventional probes, the streptavidin-biotin controlled binding probe has several advantages, such as minimal background at its "OFF" state, multiple signal amplification steps, and unlimited selection of the optimal dyes for detection. To expand the scope, a new synthetic method was developed, through which a wider range of analyte recognition groups can be easily introduced to construct the binding probe. This probe design was successfully applied to image and study secreted peroxynitrite (ONOO À ) at the cell surface of macrophages where information on ONOO À is difficult to obtain. As the signals are generated upon the binding of streptavidin to the biotin probe, this highly versatile design can not only be used in fluorescence detection but can also be applied in various other detection modes, such as electrochemical and enzyme-amplified luminescence detection.
Introduction
Chemical probes are important tools in basic biological research and medical diagnosis because they allow for sensitive, simple, and specic detection of the target molecules in complex environments, such as cell lysates, living cells, and in vivo.
1,2 Currently, most chemical probes are reaction-based and designed for monitoring enzyme activities and reactive small molecules using uorescence detection technique. [3] [4] [5] Based on the uorescence turn-on mechanism, they can be divided into two classes: dye-based uorescent probes and caged-luciferin. In the presence of a target molecule, the uorophore of the uorescent probe can be turned-on via FRET, PET, AIE, or the restoration of uorophore p-conjugation, [6] [7] [8] [9] while the uores-cence turn on mechanism of caged-luciferin is based on the specic enzymatic reaction of luciferase with luciferin to emit yellow to green light. 10 Although undoubtedly valuable and widely described in the literature, these two chemical probe designs pose several limitations. The rst limitation is the presence of intrinsic background uorescence from the "uorescence off" probe. Regardless of how efficiently the uorescence of the dye molecule is suppressed before target activation, the uorescent probe will always emit a very weak background uorescence in its "OFF" state. As a result, the analytical sensitivity of the probe is reduced. The second limitation is that a reaction-based chemical probe only reacts with one reactive small molecule to produce a single uorescence signal. This "one target to one signal" detection mode has limited the sensitivity of most uorescent probes. Although chemical probes based on selfimmolative polymers have been reported to achieve "one target to multiple signals" detection, this approach normally requires long synthetic steps to assemble multiple uorophores into the chemical probe to achieve signicant uorescence amplication. 11 The third limitation is that uorescence detection is restricted by the type of uorophore used to construct the uorescent probe. For example, a uorescent probe based on Cy5 dye can only be ideally detected by excitation light of around 640 nm. To date, a chemical probe that allows for the liberal choice of excitation and emission wavelengths for uorescence detection has yet to be reported.
In this paper, we describe a general approach to overcome the three limitations of conventional chemical probes by developing a streptavidin-biotin controlled binding probe (CBP, Fig. 1 ). The rationale behind this new CBP concept is based on the fact that biotin has extremely high binding affinity . 12 In the absence of the target analyte, the CBP on the cell surface would not be able to bind with uorophore conjugated streptavidin due to the low binding affinity of caged-biotin with streptavidin. The uorophore conjugated streptavidin can then be washed away to eliminate any background uorescence. In the presence of the target analyte triggering biotin uncaging, the uorophore conjugated streptavidin would bind to the biotin probe. As there are multiple uorophore units on one streptavidin molecule, signicant signal amplication can be achieved. Furthermore, streptavidin conjugated with different bright uorophores, such as Cy5, Cy3 or Alexa488, can be added on demand to generate the desired uorescence signals. Thus, detection is no longer restricted by the type of uorescent dye, such as in the case of uorescent probes. Since the uorescence turn-on mechanism is different from the uorescent probes and caged-luciferin, this novel CBP approach can be considered as a third type of chemical probe. This CBP approach would be very useful for the detection of a low concentration of reactive oxygen and nitrogen species (ROS/RNS), such as H 2 O 2 , ONOO À , and HOCl. Currently, ROS/RNS are mostly detected by uores-cent probes that react rapidly with the ROS/RNS to produce dramatic changes in the absorption and uorescence signals.
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The CBP approach was applied to image and study local peroxynitrite ( 
Results and discussion

Synthesis of the peroxynitrite-responsive streptavidin-biotin controlled binding probe ONOO-CBP
Although it has been well known that chemical modication at the N 0 -1 urea nitrogen of biotin can dramatically reduce its binding affinity with streptavidin, all the caged-biotins previously reported were mainly applied to protein site-specic immobilization to retain the protein activities by photo-or electrochemical stimulation. 12, [28] [29] [30] To date, the caged-biotin approach has yet to be applied directly for analyte detection. The main reason is that caged-biotin with chemical modica-tion at the N 0 -1 urea nitrogen is difficult to prepare due to the low reactivity of the N 0 -1 urea nitrogen. Therefore, only the highly reactive acyl chloride moiety can be used as an electrophile, which limits the types of chemical modication that can be introduced on the N 0 -1 urea nitrogen.
In order to develop this CBP strategy as a general design, we developed a new synthetic method to prepare caged-biotin derivatives, through which a wider range of chemical modi-cations can be easily introduced on the N 0 -1 urea nitrogen of biotin (Scheme 1). The synthesis commences with the reaction of triphosgene with methyl ester biotin to form the important biotin derivative 2, which can then be reacted with different types of nucleophile to form the caged-biotin derivatives. It is important to note that compound 2 is stable enough to be puried by column chromatography, which greatly enhances its practicability. Following the acid hydrolysis of the methyl ester, compound 3 was reacted with sulfo-NHS under standard ester coupling conditions to generate the target product, ONOO-CBP. When stored in an acidic medium at À80 C, ONOO-CBP was stable for at least two months without signs of degradation (Fig. S2 †) . This synthetic method is highly versatile as nucleophiles containing different analyte-responsive groups, such as nitro, TBDPS, and TPA, can be reacted with compound 2 to obtain different caged-biotin derivatives (Scheme S2 †). Previously, these three moieties have been used for the detection of nitroreductase and uoride and Cu(I) ions.
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Imaging of exogenous ONOO À and selectivity studies
To establish the applicability of ONOO-CBP to image secreted ONOO À at the cell surface, we rst employed 3-morpholinosydnonimine hydrochloride (SIN-1) as an external source of ONOO À to characterize ONOO-CBP. 34, 35 In a buffer or biological medium, SIN-1 can slowly release NO and O 2 À , which can then combine to form ONOO À . Using the existing method, we have determined that 100 mM SIN-1 can generate about 7% of ONOO À in one hour (Fig. S3 †) . 36, 37 We labeled the cell surface of the RAW264.7 macrophages with 10 mM ONOO-CBP in HBSS buffer for 30 minutes at 37 C. The unreacted ONOO-CBP was removed by washing with the medium, followed by the treatment of 100 mM SIN-1 for 60 minutes at 37 C to uncage the biotin probe. Aer the removal of excess SIN-1, streptavidin-Cy5 was added and incubated for 10 minutes. Fluorescent images were taken immediately aer the excess unbound streptavidinCy5 was washed away. For the cells treated with SIN-1, strong uorescence was only observed along the plasma membrane of the RAW264.7 cells, while minimal uorescence was detected in the absence of SIN-1 ( Fig. 2a and S4 †) . When SIN-1 was incubated with 250 mM 4-(hydroxymethyl)phenylboronic acid (BA) for 60 minutes, the uorescence was reduced dramatically, indicating that the strong uorescence observed on the cell surface is due to the specic reaction of ONOO À with the boronic acid moiety of ONOO-CBP (Fig. 2aiii) . Notably, the uorescence was barely detectable inside the cells, indicating the practicability of our CBP approach to image secreted ONOO À along the plasma membrane. This is because the large streptavidin-Cy5 cannot diffuse easily across the plasma membrane to cause nonspecic uorescence inside the cells.
Furthermore, the specic and bright uorescence on the plasma membrane of the macrophages indicates that the immobilization of ONOO-CBP on the cell surface using NHS ester chemistry is an effective approach to generate high quality images. The cytotoxicity test using MTT assays indicates that the labeling of the extracellular surface with ONOO-CBP was not cytotoxic for the cells (Fig. S5 †) .
To further evaluate the applicability of ONOO-CBP for imaging ONOO À on the extracellular membrane, we proceeded to perform several selectivity tests with other ROS and RNS. As shown in Fig. 2b (Fig. S6 †) . To validate the controlled binding probe concept in vitro, we have also synthesized a uorogenic caged biotin probe ONOO- SBD, which can be activated by ONOO À for binding with avidin (a streptavidin derivative with equal biotin affinity) to generate strong uorescence (Fig. S7 and Scheme S3 †). 31 ONOO-SBD consists of an environment-sensitive dye, SBD, linked with compound 4. In the absence of ONOO À or avidin, the probe shows a weak uorescence signal. Whereas, in the presence of ONOO À , the caged-biotin moiety of the probe can be activated for binding with avidin to produce strong uorescence. Similar to the imaging results obtained using ONOO-CBP, the uoro-genic ONOO-SBD probe responded selectively to ONOO À and the uorescence increased over time (Fig. S8 †) .
The streptavidin-biotin controlled binding probe enables uorescence imaging with diverse excitation and emission light
Besides the high selectivity, there are two additional advantages of this CBP approach for ONOO À imaging. First, there is no restriction on the uorescent dye to be used for generating the uorescent image so long as the dye can be conjugated to streptavidin. In our study, we demonstrated that bright uo-rescence can also be generated with streptavidin-Cy3 and streptavidin-Alexa488 (Fig. 3 ). This feature allows for the use of many previously untapped bright near-infrared dyes for detection. The second advantage is that our CBP approach can achieve further signal amplication due to the fact that one streptavidin contains four biotin binding sites. To illustrate the signal amplication, a cell-impermeable Cy5-biotin was added to the cells that were already stained with streptavidinCy3 and streptavidin-Alexa488. Aer removing the unbound Cy5-biotin, we can observe clear uorescence along the plasma membrane from the Cy5 channel (Fig. S9 †) . These two advantages demonstrate the high versatility and promising potential of CBP to detect low concentrations of the ROS and RNS. 
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To image ONOO À along the plasma membrane immediately aer its secretion, ONOO-CBP labeled RAW264.7 macrophages were treated with 1 mg mL À1 PMA in DMEM medium for 60 minutes at 37 C. Aer staining with streptavidin-Cy5, we observed distinct uorescence along the extracellular surface of the RAW264.7 cells (Fig. 4a) . In the presence of PMA, our membrane-anchored ONOO-CBP probe was able to detect that more than 95% of the RAW264.7 cells released ONOO À (Fig. S10 †) . On the other hand, no uorescence was detected in the absence of PMA stimulation. To further demonstrate the quantitative application for detecting secreted ONOO À in live cells, uorescence-activated cell sorting (FACS) cytometry was used for the analysis of the RAW264.7 cell population in the Fig. 3 The fluorescence response of the ONOO-CBP labeled RAW264.7 cells after incubation with 100 mM SIN-1 for 60 minutes. After biotin uncaging, the cells were stained with (i) streptavidinAlexa488, (ii) streptavidin-Cy3, and (iii) streptavidin-Cy5. Scale bar: 20 mm. absence or presence of PMA. As shown in Fig. 4b , robust streptavidin-Cy5 labeling was observed for the cells treated with PMA, which can be reduced in the presence of superoxide dismutase (SOD) by quenching O 2
À
, and this is required in the reaction with NO to form ONOO À . In the absence of PMA, the cells were hardly labeled by streptavidin-Cy5 and showed weaker uorescence signals. These results showed that membrane-anchored ONOO-CBP based on the CBP approach can convincingly detect secreted ONOO À along the extracellular membrane both at the single cell level and from a population of cells. In the presence of SOD, FeTMPyP, L-NAME/apocynin mixture, and BA, we observed minimal uorescence, similar to the control experiment without PMA treatment ( Fig. 5 Fig. 6a and S12 †) . From the uorescence time course study, it was estimated that most of the ONOO À ions were released into the extracellular medium within the 40 to 60 minutes aer initiation (Fig. 6b) . Aer the bursting period, the secretion of ONOO À continued but with a slower releasing rate. These results are consistent with the studies of ONOO À in bulk solutions. 51 To further validate these imaging results and observations, we performed real-time tracking of the PMAstimulated macrophages without washing away the streptavidin-Cy5 (Fig. S13 †) . Although the signal-to-background ratio was reduced due to the presence of unbound streptavidin-Cy5, Fig. 5 The live cell imaging of the ONOO-CBP labeled RAW264.7 cells in (i) the absence or (ii) the presence of 1 mg mL À1 PMA and (iii) PMA + 15 mg mL À1 SOD, (iv) PMA + 1 mM FeTMPyP, (v) PMA + 1 mM L-NAME and 1 mM apocynine, (vi) PMA + 250 mM BA, (vii) PMA + 1 mM TEMPO, (viii) PMA + 5 mM uric acid, or (ix) PMA + 10 mg mL À1 catalase. Besides the L-NAME/apocynin mixture, which was incubated with the cells for 90 minutes prior to PMA stimulation, all the inhibitors were added to the cells together with PMA and incubated for 60 minutes. The cells were stained with streptavidin-Cy5. Scale bar: 20 mm.
we were still able to track the increase of uorescence along the plasma membrane over the 110 minute imaging time course.
Conclusion
In conclusion, by controlling the specic interaction of biotin and streptavidin with caged-biotin, we have introduced a new chemical probe design. To expand the scope, a new synthetic method was developed through which a wider range of analyte recognition group can be easily introduced to cage the biotin. The streptavidin-biotin controlled binding probe exhibits signicant uorescence amplication with minimum background and can adopt an unlimited selection of optimal dyes that cannot be achieved by the conventional chemical probes. The application of our controlled binding probe was demonstrated by imaging the ONOO À secretion at the cell surface of the RAW264.7 macrophages upon PMA stimulation. The ONOO À secretion from more than 95% of the cells was successfully captured and imaged at the cell surface, and the results were validated by ow cytometry. With this membraneanchored controlled binding probe, we revealed that the RAW264.7 macrophages secrete ONOO À within the 20 minutes aer PMA treatment and most of the ONOO À ions have been released into the extracellular medium 40-60 minutes later. Although the application of this CBP approach was demonstrated by imaging secreted ONOO À at the cell surface in this study, this design can also be used to image analytes inside the cells if a xed-cell technique is employed (Fig. S14 †) . As the signals are generated upon the binding of streptavidin to the biotin probe, this highly versatile design can not only be used in uorescent detection, but it can also be applied in various other detection modes, such as electrochemical and enzymeamplied luminescence detection.
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